The molecular mechanisms specifying the dendritic morphology of different neuronal subtypes are poorly understood. Here we demonstrate that the bHLH transcription factor Neurogenin2 (Ngn2) is both necessary and sufficient for specifying the dendritic morphology of pyramidal neurons in vivo by specifying the polarity of its leading process during the initiation of radial migration. The ability of Ngn2 to promote a polarized leading process outgrowth requires the phosphorylation of a single tyrosine residue at position 241, an event that is neither involved in Ngn2 direct transactivation properties nor its proneural function. Interestingly, the migration defect observed in the Ngn2 knockout mouse and in progenitors expressing the Ngn2 Y241F mutation can be rescued by inhibiting the activity of the small-GTPase RhoA in cortical progenitors. Our results demonstrate that Ngn2 coordinates the acquisition of the radial migration properties and the unipolar dendritic morphology characterizing pyramidal neurons through molecular mechanisms distinct from those mediating its proneural activity.
Introduction
The astonishing diversity of dendritic morphologies characterizing distinct neuronal subtypes underlies their sophisticated signal processing and computational properties (Hausser et al., 2000) . Although substantial progress has been made in characterizing the late, activity-dependent phase of dendritic branching and adaptation of the size of the dendritic arbor relative to presynaptic inputs (reviewed in Wong and Ghosh, 2002) , the molecular mechanisms specifying the dendritic shape characterizing neuronal subclasses are still *Correspondence: polleux@med.unc.edu 4 These authors contributed equally to this work. In the neocortex and hippocampus, pyramidal neurons are initially characterized by a polarized outgrowth of one major dendrite, i.e., the apical dendrite (Miller, 1981; Peters and Kara, 1985a), whereas the vast majority of cortical GABAergic interneurons undergo an unpolarized dendritic outgrowth leading to a range of multipolar, nonpyramidal dendritic morphologies (Miller, 1986; Peters and Kara, 1985b ). Pyramidal and nonpyramidal neurons represent two developmentally distinct neuronal lineages generated by specialized sets of progenitors. Pyramidal neurons originate from progenitors located in the dorsal telencephalon expressing transcription factors such as Emx1, Neurogenin (Ngn) 1 and Ngn2, Pax6, and Tlx1/2. These excitatory, glutamatergic neurons migrate radially along a radial glial scaffold to reach their appropriate laminar position in an insidefirst outside-last manner and have an axon projecting over long distances to subcortical or to other cortical areas. In the present study, we provide evidence that the coordinated specification of the radial migration properties and the unipolar dendritic morphology characterizing pyramidal neurons is controlled by the transcription factor Ngn2. Importantly, this activity is mediated in a largely DNA binding-independent manner that instead requires the phosphorylation of a tyrosine residue at position 241 in the C-terminal domain of Ngn2, a residue that is not directly involved in mediating its transactivation properties or its proneural properties. Our results demonstrate that Ngn2 coordinates the acquisition of the radial migration properties and the unipolar dendritic morphology characterizing pyramidal neurons through molecular mechanisms distinct from those mediating its proneural activity. Figures 1A-1C) . Using double immunofluorescent staining, we confirmed that a significant proportion of Ngn2 + cells in the SVZ express pan-neuronal markers such as NeuN ( Figures 1D-1E% ), microtubule associated protein-2, or MAP2 ( Figures  1F-1G%) , and β-III tubulin, or TuJ1 (Figures 1H-1I%) . The quantification shown in Figure 1J shows that although the majority of cells expressing Ngn2 (green bars) were located in the VZ, the bulk of Ngn2-NeuN double-labeled neurons (orange bars in Figure 1J 2C-2E ). This is reinforced by the presence of streams of cells that seemed unable to exit the SVZ in the Ngn2 −/− cortex (arrow in Figure 2F ). Other heterotopias are observed at the cortico-striatal boundary (Figures 2H) and the hippocampus of the Ngn2 −/− mice ( Figure 2J ) but not in control mice ( Figures 2G and 2I, respectively) .
Conversely, cortical GABAergic interneurons originate from ventral telencephalic progenitors (medial and caudal ganglionic eminence [MGE and CGE, respectively]) expressing a different combination of transcription factors such as

Results
Neurogenin2 Is Transiently Expressed by Postmitotic Neurons during the Initiation of Radial Migration in the Subventricular Zone
It is well established that
To directly test whether radial migration was defective in Ngn2 −/− embryos, we implemented a technique that combines electroporation-mediated gene transfer with in vitro organotypic slice culture (see Figure 
Neurogenin2 Is Tyrosine Phosphorylated In Vivo
The alignment of chick (Gallus gallus), mouse (Mus musculus), and human (Homo sapiens) Ngn2 protein sequences revealed a complete conservation of the bHLH domains and a partial conservation of undefined amino-(N-) and carboxy-(C-) terminal domains ( Figure  4A ). Interestingly, the N-and C-terminal domains of mouse Ngn2 are highly divergent from Ngn1 and Ngn3, two closely related homologs ( Figure 4B ). In order to isolate potential residues outside the DNA binding domain that might mediate neuronal subtype specification, we first determined whether Ngn2 was posttranslationally modified and specifically if it was phosphorylated in cortical progenitors. Using electroporation of myc-tagged Ngn2 in E14.5 cortical progenitors followed by 24 hr of cortical wholemount culture in vitro in the presence of γ32 P-labeled ATP and myc immunoprecipitation ( Figure 4C ), we found that Ngn2 is phosphorylated in cortical precursors ( Figure 4D ).
To examine the putative phosphorylation sites in Ngn2, we used a sequence-and structure-based prediction program (Blom et al., 1999; see Supplemental Experimental Procedures), which predicted 15 potential serine residues, 4 threonine residues, and 3 tyrosine residues displaying a significant (p > 0.90) probability of phosphorylation. Using electroporation of a GST-Ngn2 fusion protein in cortical precursors followed by GSTpulldown and thrombin cleavage of Ngn2 from GST, we found that Ngn2 is tyrosine phosphorylated in cortical precursors ( Figure 4E ). Using GST-pulldown in undifferentiated P19 cells to increase the protein yield, we found that tyrosine 241 is likely to be the major site for tyrosine phosphorylation in Ngn2 because mutation of (E) A GST-Ngn2 fusion protein was expressed using cortical electroporation at E14.5 followed by 24 hr of wholemount in vitro culture as shown in (C). GST-pulldown using glutathione-beads (line 1) leads to the detection of a product corresponding to GST-Ngn2 (65 kDa) using anti-GST immunoblotting. Cleavage of the GST-Ngn2 fusion protein bound to the beads by thrombin releases a small amount of GST (lane 2 at 25 kDa) and a product corresponding to Ngn2, which is detected by using an anti-phosphotyrosine antibody (Recombinant PY20 i.e., RC20 lane 5). Note that GST is efficiently released by glutathione elution (lane 3) and is not tyrosine phosphorylated (lane 6). (F) Transfection of undifferentiated P19 cells with GST-, GST-Ngn2 fusion, or GST-Ngn2 Y241F fusion followed by GST-pulldown using glutathione-beads, elution, and immunoblotting with anti-GST antibody (left blot) or anti-phosphotyrosine antibody (RC20) demonstrates that tyrosine 241 is the major tyrosine phosphorylation site in Ngn2. (G) Mapping of the transcriptional activation domain of mouse Ngn2 in HEK 293T cells using the Gal4-UAS-Luciferase system. Gal4-Ngn2 fusion protein (but not Gal4-Ngn2 ) is able to transactivate a UAS-Luciferase reporter to a similar extent as Gal4-Ngn2 , suggesting that the minimal transactivation domain is located between residues 181 and 213. *p < 0.01 Mann-Whitney nonparametric test (n = 6); n.s., nonsignificant. Therefore, in the rest of this study we focused our effort on the effects of mutating tyrosine 241. In addition, mutations of the two other tyrosine residues presenting a high probability to get phosphorylated (Y226F and Y252F) did not produce any detectable effects on the acquisition of neuronal migration properties or dendritic morphologies (see Figure S5 and data not shown). Interestingly, tyrosine 241 (1) is part of a proline-rich motif (YWQPPPP, boxed in Figure 4A ) that constitutes a predicted binding site for SH2-containing proteins, (2) is mammalian specific (not conserved in chick but perfectly conserved in human), and (3) is specific to Ngn2 (not present in mouse Ngn1 or mouse Ngn3; see box in Figure 4B ).
In order to test the requirement of the DNA binding properties of Ngn2 in mediating some of its biological functions, we produced double substitution in basic residues 123-124 (e.g., Ngn2 Figure S2) .
First we tested whether tyrosine 241 was located within the transactivation domain (TAD) of Ngn2. To our knowledge, the TAD of Ngn2 has never been mapped. We performed a standard TAD mapping using a modified Gal4-UAS system ( Figure 4G ). The TAD of most proneural bHLH transcription factors lies in the proximal or the distal portion of the C-terminal domain of the protein (Sharma et al., 1999) . Therefore, we designed three Gal4 fusion proteins containing, respectively, (1) the entire C-terminal tail of Ngn2 (residues 181-263), (2) the proximal part of the C-terminal tail (residues 181-213; gray in Figure 4G ), and (3) the distal domain of the C-terminal tail (residues 214-263; black in Figure 4G ). Using a normalized UAS-Luciferase/Renilla reporter assay, we found that the first half of the C-terminal tail proximal to the second helix (181-213) displays transactivation properties comparable to the entire C-terminal tail ( Figure 4G) . Interestingly, the distal portion encompassing residues 214-263 (including tyrosine 241) did not have any significant transactivation properties ( Figure 4G ).
To directly assess the transactivation properties of the mutant forms of Ngn2 used in this study, we used the 1.7 kb promoter region of NeuroD previously shown to be strongly transactivated by Ngn3 (Huang et al., 2000a). We found that Ngn2 strongly transactivates the NeuroD promoter in undifferentiated P19 cells ( Figure  4H ; on average 20-fold, p < 0.01 Mann Whitney test, n = 3), whereas Ngn2 NR->AQ and Ngn2 ⌬basic (presenting a complete deletion of the basic domain) both failed to transactivate this promoter ( Figure 4H) . Interestingly, the mutation of tyrosine 241 did not interfere with Ngn2-mediated transactivation of the NeuroD promoter ( Figure 4H ).
Tyrosine 241 of Neurogenin2 Is Not Involved in Mediating Its Proneural Activity
Next we wanted to assess the functional effect of mutating tyrosine 241 on the proneural function of Ngn2. To do this, E14.5 cortical progenitors were electroporated, dissociated, and cultured for 5 days in vitro at medium cell density (Figures 4I-4K (Figures 5B and 5F ) compared to control (Figures 5A and 5E) . Surprisingly, expression of Ngn2 NR->AQ did not impair the radial migration properties of E14.5 cortical neurons compared to full-length Ngn2 ( Figures  5C and 5G) . Importantly, expression of Ngn2 Y241F in E14.5 cortical progenitors nearly abolished the radial migration of cortical neurons. These cells accumulated in the IZ and seemed unable to penetrate into the CP (Figures 5D and 5H) . Therefore, expression of Ngn2
Y241F
, but not Ngn2 NR->AQ , phenocopies the complete and the conditional loss of Ngn2 function (see Figures 2 and 3) . It is unlikely that the radial migration arrest of Ngn2 Y241F expressing neurons is due to an indirect effect on the radial scaffold because both the number and morphology of radial glial processes are unaffected by expression of Ngn2 Y241F after short-(36 HIV) and long-term (4 DIV) slice cultures ( Figure S3 ).
These results show that the inhibition of radial migration resulting from the expression Ngn2 Y241F in cortical progenitors is dominant over endogenously expressed Ngn2. To confirm this, we performed a set of coelectroporations expressing different ratios of full-length Ngn2 and Ngn2 Y241F in vivo. When expressed at a 1:1 or even a 10:1 ratio over full-length Ngn2, Ngn2 Y241F ( Figures  S4B and S4C , respectively) significantly inhibits radial migration compared to control electroporation of wildtype Ngn2 alone ( Figure 4A ). We conclude that Ngn2 Y241F acts as a dominant negative.
Expression of Ngn2 Y241F Impairs the Polarity and Nucleokinesis of Radially Migrating Neurons
To gain further insight into the cellular mechanisms underlying the function of the tyrosine 241 in Ngn2, we coupled the ex vivo cortical electroporation technique with time-lapse confocal microscopy. We used this technique to document the dynamics of radial migration of neurons expressing EGFP (and endogenous wild-type Ngn2; Figure 6A and Movie S1) or Ngn2
Y241F (Figure 6B and Movie S2). This analysis reveals that progenitors expressing Ngn2
Y241F are able to transit from the SVZ into the IZ, but instead of engaging radial migration, some cells (red arrowhead in Figure 6B ) display a striking defect in the polarity of their leading process outgrowth (yellow arrow in Figure 6B ) as well as a failure to undergo nucleokinesis (three cells pointed to in Figure 6B and Movie S1). Our quantification demonstrates that cells expressing Ngn2 Y241F display a significant decrease in the rate of cell body translocation (Figure S5A ) and a significant increase in the rate of leading process branching ( Figure S5B ) compared to progenitors expressing endogenous, wild-type Ngn2. (Figures 7A-7D) . However, this rescue was only partial, as most migrating neurons stopped sharply at the boundary between the IZ and the CP after 4 DIV (Figures 7B and 7D) .
Rescue of the Migration Defect Due to Ngn2 Loss of Function by Inhibition of RhoA Function
Because of the pronounced proneural defect characterizing Ngn2 −/− cortical progenitors (Nieto et al., 2001 ), we wanted to determine whether we could rescue more specifically the migration phenotype due to the expression of Ngn2 Y241F (which does present any proneural effect) in cortical progenitors by inhibiting RhoA activity. As shown in Figure S7 , coelectroporation of two constructs expressing RhoA
N19 -IRES-EGFP and Ngn2
Y241F -IRES-DsRed2 leads to the high rate of coexpression of both constructs (more than 90%). Importantly, expression of RhoA N19 is sufficient to rescue the (bottleneck), the 25th, and 75th percentiles (main box) as well as  the 90th and 10th percentiles (top and bottom bars, respectively).  Scale bars, 40 m (A-D), 20 m (E-H),and 30 m (I-L) . number of processes emerging from the cell body (Figure 8O) . As shown in Figure 8N on model cells, the PMI value obtained for a population of cells ranging from purely multipolar (cell a) to purely unipolar (cell g) increases with the polarity of dendritic outgrowth. The measure of the width and number of processes was automated using a series of image analysis tools (see Supplemental Experimental Procedures). As shown in Figure 8P , the PMI analysis confirms the shift between multipolar morphologies observed in control (EGFP only) cultures and unipolar morphologies observed in neurons expressing full-length Ngn2 (p = 0.0014; ANOVA test). Importantly, expression of both Ngn2 NR->AQ and Ngn2 Y241F failed to increase the PMI values observed when overexpressing full-length Ngn2 (Figure 8P ), confirming that Ngn2 function in the specification of pyramidal dendritic morphology requires the integrity of the DNA binding properties and the phosphorylation of tyrosine 241.
In order to correlate the morphological changes observed in dissociated cultures to those observed in slices, we measured the PMI in slices where progenitors were electroporated with EGFP only (expressing endogenous Ngn2) or Ngn2 Y241F ( Figure S8 ). This quantitative analysis confirms our qualitative observation reported above (see Figure 8H) , i.e., the striking switch from pyramidal/unipolar (control in Figures S8A and  S8C ) into nonpyramidal/multipolar dendritic morphology of the few neurons transfected with Ngn2 Y241F that reached the CP (Figure S8B and S8C ).
Ngn1 Promotes Radial Migration but Does Not Promote Unipolar Dendritic Morphology to the Same Extent as Ngn2
As mentioned previously, tyrosine 241 and its surrounding proline-rich motif (YWQPPPP) are not present in Ngn1 or Ngn3. We wanted to determine whether Ngn2 function in the specification of the migration properties and the dendritic morphology of pyramidal neurons is shared by other Neurogenins. To test this we electroporated both mouse Ngn1-IRES-EGFP or Ngn2-IRESDsRed2 at E14.5 and assessed the migration properties of cortical progenitors in organotypic slice culture. Our quantitative analysis demonstrates that Ngn1 ( Figures  S9A and S9C) promotes the radial migration of cortical progenitors to the same extent as Ngn2 (Figures S9B  and S9D ) despite minor differences in the final distribution of postmitotic neurons in the CP and MZ.
However, we found that Ngn1 does not specify py-ramidal dendritic morphology in dissociated E14.5 cortical cultures to the same extent as Ngn2 (Figures S9E-S9F ). In fact, the PMI values obtained for progenitors expressing Ngn1 were not significantly different from control EGFP-electroporated cortical progenitors (Figure S9F) , suggesting that Ngn2 is unique with regard to its ability to promote pyramidal dendritic morphology. We hypothesize that the subtype specification activity mediated by phosphorylation of Ngn2 Y241 regulates protein-protein interaction, for example, by converting a transcriptional repressor into an activator, thereby inducing the transcription of downstream target genes that regulate neuronal migration and dendritic polarity such as specific Rho-GAPs (see Figure 9) . This model would explain why Ngn2 Y241F is acting as a dominant negative over Ngn2. Current experiments are aimed at identifying phosphorylation-dependent interactors of Ngn2 Y241 that might mediate the transcription of specific target genes controlling radial migration and the polarity of dendritic outgrowth. Finally, this motif is specific to Ngn2, as it is not found in the closely related Ngn1 or Ngn3 ( Figure 4B) . Interestingly, we found that Ngn1 promotes radial migration just as efficiently as Ngn2 but does not promote pyramidal dendritic morphology of E14.5 cortical progenitors ( Figure S9) . Future experiments will determine the molecular basis underlying the differences of biological activity between members of the Neurogenin subfamily of bHLH transcription factors in the specification of cortical neurons phenotype. 
Discussion
Is the Phosphorylation of Ngn2
Ex Vivo Electroporation and Organotypic Slice Culture
Briefly, electroporation of dorsal telencephalic progenitors was performed by injecting pCIG2 plasmid DNA (1 g/l endotoxin-free plasmid DNA; MEGA-Prep kit from Clontech) plus 0.5% Fast Green (Sigma; 1:20 ratio) using a Picospritzer III (General Valve) microinjector into the lateral ventricles of isolated E14.5 embryonic mouse heads that were decapitated and placed in complete HBSS (see Figure S1 and Polleux and Ghosh, 2002). Electroporations were performed on the whole head (skin and skull intact) with goldcoated electrodes (GenePads 5 × 7 mm BTX; Figure S1 ) using an ECM 830 electroporator (BTX) and the following parameters: four 100 ms long pulses separated by 100 ms long intervals at 55 V. Immediately after electroporation, the brain was extracted and vibratome sectioned at 250 microns (LEICA VT1000S) with special care toward the integrity of the pial surface. The resulting slices were maintained in organotypic slice cultures, fixed, and stained for immunofluorescence as previously described .
Dissociated Cortical Cultures
Dissociated E14.5 cortical cultures were performed using a papainbased enzymatic dissociation method as previously described Polleux et al., 2000) . Dissociated and electroporated cortical progenitors were cultured on glass-bottom dishes coated with Laminin and Poly-L-Lysine for 5 days in serumfree culture medium (NeuroBasal plus B27 plus N2 supplements). 
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